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Abstract
We present measurements of the polarization-transfer components in the 2H(~e, e′~p) reaction, covering a previously unexplored
kinematic region with large positive (anti-parallel) missing momentum, pmiss, up to 220 MeV/c, and Q2 = 0.65 (GeV/c)2.
These measurements, performed at the Mainz Microtron (MAMI), were motivated by theoretical calculations which predict
small final-state interaction (FSI) effects in these kinematics, making them favorable for searching for medium modifications
of bound nucleons in nuclei. We find in this kinematic region that the measured polarization-transfer components Px and
Pz and their ratio agree with the theoretical calculations, which use free-proton form factors. Using this, we establish
upper limits on possible medium effects that modify the bound proton’s form factor ratio GE/GM at the level of a few
percent. We also compare the measured polarization-transfer components and their ratio for 2H to those of a free (moving)
proton. We find that the universal behavior of 2H, 4He and 12C in the double ratio (Px/Pz)
A
(Px/Pz)
1H
is maintained in the positive
missing-momentum region.
1. Introduction
Polarization transfer from a polarized electron to a pro-
ton in elastic scattering has become a recognized method
to measure the ratio of the proton’s elastic electromagnetic
form factors, GE/GM [1–9]. Assuming the one-photon ex-
change approximation, the ratio of the transverse (Px) to
longitudinal (Pz) polarization-transfer components is pro-
portional to GE/GM [10]. This provides a direct measure-
ment of the form factor (FF) ratio and eliminates many
systematic uncertainties [11].
Measuring the ratio of the same components of the polar-
ization transfer to a bound proton in quasi-free kinematics
on nuclei, which is sensitive to the electromagnetic FF ra-
tio, has been suggested as a method to study differences be-
tween free and bound protons [4, 5]. As such it can be used
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as a tool to identify medium modifications in the bound pro-
ton’s internal structure, reflected in the FFs and thereby in
the polarization transfer. Deviations between measured po-
larization ratios in quasi-free and elastic scattering can be
interpreted only by comparing the measurements with real-
istic calculations of nuclear effects. This makes the deuteron
an appropriate target for such measurements, since its nu-
cleons can be highly virtual and it is a well understood
nucleus from a theoretical standpoint [12].
Quasi-free polarization-transfer experiments have been
carried out on 2H and 12C at the Mainz Microtron (MAMI)
[13–15], as well as on 2H, 4He and 16O at Jefferson Lab
(JLab) [16–19], in search of medium modification in the
proton’s internal structure. These include measurements on
far off-shell nucleons, characterized by high missing momen-
tum, which is equivalent (neglecting final-state interactions
(FSI)) to the struck protons having high initial momentum.
For 2H in parallel kinematics (negative pmiss), it was shown
that the deviations in Px/Pz from that of elastic ~ep scatter-
ing can be explained by nuclear effects without the necessity
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of introducing modified FFs [13, 14]. The individual compo-
nents Px and Pz were also measured. The calculated values
of these components deviated from the measurements, sug-
gesting that the FSI effects are not fully reproduced [14].
In this work, we present the measurements of Px and Pz,
and their ratio, in a previously unexplored kinematic region,
where theoretical calculations predict that the FSI effects
would be small compared to those in the kinematic regions
of previous measurements (e.g. [13, 14]). This makes this
kinematic region useful for searching for genuine medium
modifications, which would be obscured by large FSI effects
in less favorable kinematical regions.
In the A(~e, e′~p) reaction, a polarized electron with a
known initial four-momentum k scatters off a bound proton
with initial four-momentum p, through exchange of a vir-
tual photon with four-momentum q. The final momenta of
the knock-out proton, ~p ′, and the scattered electron, ~k ′, are
measured. We define the “missing momentum” of the reac-
tion to be ~pmiss = ~q−~p ′, where ~q = ~k−~k ′ is the momentum
transfer. In the absence of FSI, the initial proton momen-
tum is given by the missing momentum, ~p = −~pmiss. We
refer to the missing momentum as being positive (negative)
if ~pmiss · ~q is positive (negative). (See Fig. 1.)
pmiss < 0 pmiss > 0
Figure 1: Kinematics with pmiss < 0 (left) contrasted with kinematics
with pmiss > 0 (right). In the kinematics on the left (pmiss < 0), the
proton is initially moving in nearly the same direction as the virtual
photon, while in the kinematics on the right (pmiss < 0), the proton
is initially moving in the opposite direction of the virtual photon, and
then changes direction by up to 180 degrees.
Previous measurements of 2H(~e, e′~p) were obtained at
Q2 = 0.40 (GeV/c)2 with positive pmiss reaching 175 MeV/c
[13, 14]. The new data presented in this work obtained at
Q2 = 0.65 (GeV/c)2 have improved statistical precision and
extend the probed positive pmiss range up to 220 MeV/c.
This new kinematical region allows a more meaningful test
for universality by comparing deviations in the ratio Px/Pz
between 2H and a free proton to those of 12C and 4He in
pmiss > 0 kinematics, complementing the earlier tests at
pmiss < 0 in [13–15].
2. Experimental Setup
The experiment was performed at MAMI using the A1
beamline and spectrometers [20]. For these measurements,
a 690 MeV polarized CW electron beam with a ∼9 µA cur-
rent was used. The average beam polarization was ∼80%,
measured twice daily with a Møller polarimeter [21, 22].
These measurements were cross-checked with a Mott po-
larimeter [23], and the two measurements were consistent
with one another, up to a renormalization factor. In the
analysis, we considered the time-dependence of the beam
polarization, which is described by a fit of the Møller mea-
surements using two linear segments (see the supplementary
material).
The beam helicity was flipped at a rate of 1 Hz. The
target consisted of an oblong shaped cell (50 mm long,
11.5 mm diameter) filled with liquid deuterium. Two high-
resolution, small solid-angle spectrometers with momentum
acceptances of 20-25% were used to detect the scattered
electrons and knocked out protons in coincidence. The pro-
ton spectrometer was equipped with a polarimeter located
close to the focal plane (FPP) with a 7 cm thick carbon
analyzer [20, 24]. The spin-dependent scattering of the po-
larized proton by the carbon analyzer allows the determi-
nation of Px and Pz at the reaction point in the target [24]
by correcting for the spin precession in the spectrometer
magnetic field.
In the analysis, cuts were applied to identify coincident
electrons and protons that originate from the deuterium
target, and to ensure good reconstruction of tracks in the
spectrometer and FPP. Only events where the proton scat-
ters by more than 8◦ in the FPP were selected (to remove
Coulomb-scattering events).
We present measurements at two kinematic settings, la-
beled E and F, given in Table 1. These complement previ-
ous measurements [13, 14], the kinematic settings of which
are listed in the supplementary materials. This work pri-
marily focuses on the data taken at setting E, with large
positive pmiss and Q2 = 0.65 (GeV/c)2, where theoretical
calculations (see Section 4) predict smaller FSI effects than
in previous settings.
Table 1: The kinematic settings of the 2H(~e, e′~p) data presented in
this work. The angles and momenta represent the center values for
the two spectrometer setups. Also shown is the range of θpq , the angle
between ~q and ~p = −~pmiss. For the kinematics of the earlier 2H data
sets, see the supplementary materials.
Kinematic Setup
E F
Ebeam [MeV] 690 690
Q2 [(GeV/c)2] 0.65 0.40
pmiss [MeV/c] 60 to 220 −70 to 70
pe [MeV/c] 464 474
θe [◦] 90.9 67.1
pp [MeV/c] 656 668
θp [MeV/c] −33.6 −40.8
θpq [◦] 130 to 180 0 to 180
# of events after cuts 138 k 595 k
We also took data at Q2 = 0.40 (GeV/c)2 and pmiss ∼ 0
(setting F) during the same run-period. The larger cross-
section in setting F allowed us to obtain large statistics,
and to compare the measurements with those at a similar
kinematic setting (A) in Refs. [13, 14] as a cross-check.
2
3. Measured polarization-transfer
The polarization-transfer components, Px and Pz, and
their ratio Px/Pz measured in setups E and F, along with
the earlier 2H data from MAMI [13, 14], are shown in Fig. 2.
The new data in setting E (Q2 = 0.65 (GeV/c)2) extend the
range of our positive pmiss data, matching the coverage of
the earlier data in the negative pmiss region (setting D, at
Q2 = 0.18 (GeV/c)2).
The errors shown in Fig. 2 are statistical only. The sys-
tematic error in these measurements is due to a few sources.
The largest contribution to the uncertainty in the polariza-
tion components Px and Pz is the beam polarization. It
was measured periodically during the data taking by Moller
and Mott polarimeters with an estimated accuracy of 2%
(see the supplementary material). The carbon analyzing
power in this kinematic region is known to about 1% [24–
26]. However, the ratio Px/Pz is independent of the analyz-
ing power and beam polarization. The uncertainty in the
spin-precession evaluation is dominated by the reaction ver-
tex reconstruction, and was evaluated to contribute 0.8%.
The reconstruction of the momentum and scattering angle
of the detected particles contribute 0.4%. The uncertainty
due to the beam energy is 0.5%. Contributions due to de-
tector alignment are negligible. Helicity-independent un-
certainties, such as target density, detector acceptance and
efficiency, etc., largely cancel out due to the frequent flips
of the beam helicities. Software cuts applied in the analysis
were studied and contribute 1.5%. The total estimated sys-
tematic uncertainties are 3%, and 2% for the polarization
components and their ratio respectively.
We find that Px shows mild variation between different
kinematics, but Pz varies greatly between data sets, ap-
proaching 1 at large pmiss for setting E. The Py component,
which vanishes in elastic scattering [10], is nearly zero for
each of our data sets, indicating that this component is not
strongly affected by nuclear effects.
The polarization-transfer components for setting F
(pmiss ∼ 0, Q2 = 0.4 (GeV/c)2) agree within the errors with
the earlier measurements which were obtained in a similar
kinematic2 (setting A), providing further support that the
normalization due to beam polarizations is also within the
error. However, settings E and B (which overlap in pos-
itive pmiss but have different Q2: 0.65 and 0.40 (GeV/c)2
respectively) are very different from one another in Pz.
A more coherent picture is obtained by dividing the mea-
sured polarization components by the expected ones for a
free-proton, and by examining them as functions of the
struck-proton virtuality, as discussed in Sec. 4 below.
2These data sets have the same Q2 and cover the same range in
pmiss, but had different beam energies: 600 (690) MeV/c for setting A
(F).
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Figure 2: The measured polarization components Px (top), Py (sec-
ond panel) and Pz (third panel), and the ratio Px/Pz (bottom) mea-
sured in this work (red and purple, filled), and the earlier 2H data
sets [13, 14] (open symbols). The vertical error bars here (and in the
other figures) are statistical only. The horizontal bars represent the
standard deviation of the pmiss in the bin.
4. Comparison of measurements to elastic ~ep scat-
tering and 2H(~e, e′~p) calculations
The dependence of the polarization transfer components
and their ratios on Q2 (due to the form factors) and other
kinematic effects are reduced by dividing the measured val-
ues by the expected ones for elastic ~ep scattering with sim-
ilar kinematics [13–15, 27]. We use the “moving-proton”
prescription [27, 28], rather than the expressions for elas-
tic scattering off a resting proton [10]. In this prescription,
each measured quasi-elastic event is compared to an elastic
event that has the same incident electron energy (k0), the
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same magnitude of the four-momentum transfer (Q2), and
the same initial proton momentum (−~pmiss) as the mea-
sured quasi-elastic event. Full details on the expressions for
the polarization transfer observables are given in [27, 28].
In Fig. 3, we compare the polarization-transfer components
calculated for the resting-and the moving-proton kinemat-
ics. We show in this figure the ratios (Px)
1H
moving
(Px)
1H
resting
, (Pz)
1H
moving
(Pz)
1H
resting
,
and (Px/Pz)
1H
moving
(Px/Pz)
1H
resting
, as calculated for the kinematics of the
measured 2H(~e, e′~p) events. We note that for new kine-
matics (E) the effect of the moving free proton prescription
increases Px and decreases Pz (unlike the effect in the other
kinematics), resulting in a larger effect on Px/Pz. More
details are found in the supplementary.
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Figure 3: Ratios of Px, Pz and Px/Pz for moving free protons [27, 28]
to those for free resting protons [10], using the kinematics derived from
measured events in 2H(~e, e′~p)n reactions reported in this work (closed
symbols) and in [13, 14] (open symbols).
Following the convention used in [13–15, 27] we use the
struck-proton virtuality (“off-shellness”), ν, as our parame-
ter of choice. The virtuality is defined as [13]:
ν ≡
(
mAc−
√
m2A−1c2 + p
2
miss
)2
− p2miss −m2pc2, (1)
where mp, mA and mA−1 are the masses of the proton, tar-
get nucleus (deuteron) and residual nucleus (neutron, as-
sumed to be on-shell) respectively. The virtuality has been
shown to be a more useful parameter than pmiss when com-
paring the double ratios (Px/Pz)
A
(Px/Pz)
1H
in data sets for different
nuclei and with different kinematics [13–15]. The virtuality
dependence of the polarization transfer can be different for
positive and negative pmiss [13–15].
We extracted the ratios of the polarization-transfer com-
ponents for the deuteron to those of a free proton, (Px)
2H
(Px)
1H
and (Pz)
2H
(Pz)
1H
, as well as the double ratio (Px/Pz)
2H
(Px/Pz)
1H
, where the
denominator expressions are calculated event-by-event us-
ing free moving-proton kinematics [27, 28]. These ratios
are shown as functions of ν in Fig. 4, and compared with
those from previous MAMI 2H data sets [13, 14]. We find
that the differences between the measured polarizations and
those of elastic ~ep scattering in setting E are relatively small
compared to those of negative pmiss measurement (setting
D), where the virtuality is comparably large but the Q2 is
smaller. This suggests that FSI effects are smaller in setting
E than in the other settings.
We compared our measurements to state-of-the-art calcu-
lations of the expected polarization transfer for quasi-elastic
~ed scattering [12]. These calculations are based on a realis-
tic potential for the wave functions, i.e. FSI for the scatter-
ing state, and include meson exchange (MEC), isobar (IC)
currents, and relativistic contributions (RC) of lowest or-
der. For the nucleon form factors, the parameterizations of
Bernauer et al. [29] are used. The ratios of the calculated
~ed polarization-transfer to those of elastic ~ep scattering are
shown as curves3 in Fig. 4, along with our measurements.
Also shown are these ratios calculated event-by-event, and
then averaged in each bin. These are shown as filled (open)
stars for sets D and E (sets A,B and F).
We find that the measured Px/Pz for all the data sets
agree very well with the calculations. The measured com-
ponents Px and Pz for both data sets E and F are on av-
erage about 3% above the calculations, which is consistent
with the systematic uncertainty on the normalization due to
the beam-polarization. Accounting for this, the measured
components for set E agree with the calculation within the
errors with p-value = 0.11, which is significantly better than
in the other kinematic settings4.
In order to determine which phenomena have the
strongest effects on the calculated polarizations, we ran sev-
eral variations of these calculations, with different effects
(FSI, etc.) included or excluded. The results of these cal-
culations, divided by those of elastic scattering [27, 28], are
shown in Fig. 5. The calculations on the right correspond
to the kinematics of setting E in this work, with Q2 = 0.65
(GeV/c)2 and pmiss > 0, while those on the left side of the
figure correspond to the kinematics of setting D [13, 14],
with Q2 = 0.18 (GeV/c)2 and pmiss < 0. The solid black line
is the full calculation in the distorted-wave impulse approx-
imation (DWIA) which includes MEC, IC, and relativistic
3We use solid black lines for settings D and E in Fig. 4, for consis-
tency with Fig. 5. The calculations for the other settings in Fig. 4 are
shown as grey dashed lines.
4See the supplemental materials for details.
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Figure 4: The ratios of the measured Px, Pz , and Px/Pz to those
calculated event-by-event for elastic ~ep scattering using the “moving
proton” prescription [27, 28]. Shown on the right (left) side are the
data with positive (negative) pmiss. The new data are presented with
full symbols (red and purple online). The earlier 2H data [13, 14] are
shown as open symbols. The solid black curve is the full calculation
(DWIA+MEC+IC(RC)) [12] described in Section 4 for sets D and E
(the other sets are represented by dashed grey curve). Also shown is
this calculation performed event-by-event and averaged for each bin,
presented as full (open) stars for sets D and E (other sets).
corrections. It is identical to that of Fig. 4. The FSI effects,
which are included in the DWIA but not in the plane-wave
Born approximation (PWBA), strongly affect the Pz com-
ponent in the pmiss < 0 range, and are greatly reduced in
the positive pmiss region. The combined effects of MEC, IC,
and RC, do not exceed 15%.
The predicted differences between the full quasi-elastic
calculation and elastic scattering are very small when the
virtuality is near zero, and increase with larger virtuality.
In general the deviations on the right-hand side, represent-
ing the presently explored kinematics (larger Q2, pmiss > 0),
are smaller than than those on the left-hand side [13, 14],
(low Q2, pmiss < 0). Moreover, the large increase observed
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Figure 5: The predicted ratios between polarization-transfer observ-
ables calculated for the deuteron to those of a free moving pro-
ton [27, 28], (Px)
2H
(Px)
1H
, (Pz)
2H
(Pz)
1H
and (Px/Pz)
2H
(Px/Pz)
1H
, with various effects in-
cluded/excluded in the calculations. On the right side, the kinematics
correspond to data set E of this work, while those on the left corre-
spond to those of data set D in Refs. [13, 14]. The full model is shown
as a solid black curve. See text for details.
for Pz in the negative pmiss range is largely eliminated in
the the present kinematics. This makes calculations in this
kinematic range less sensitive to the included effects, and
these kinematics more suitable for looking for new phenom-
ena.
In order to estimate limits on possible medium modifi-
cations, we reran the calculations on all of the MAMI 2H
data sets, scaling the form factor ratio GE/GM from [29]
by a constant factor R. For each value of R we compared
the calculations to our measurements and computed the as-
sociated p-value. From this, we calculated the range in R
for which the p-value was ≥ 5% (95% confidence level). We
accounted for the systematic errors by adding them (mul-
tiplied by 1.96 for 95% confidence) in quadrature with the
statistical errors. These systematic errors include 2% for
the measurement of Px/Pz and another 0.5% for the uncer-
tainty of the GE/GM parameterization [29].
The results for all of the MAMI 2H data sets (this work
and those of [13, 14]) are shown in Fig. 6. We find that
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each of these data sets is consistent with the hypothesis
R = 1. The 95% confidence interval on R for the com-
bined data set is from 0.966 to 1.062. This implies that
medium-modifications effects on GE/GM (if they exist) are
constrained to be between −3.4% and 6.2%. This does not
exclude medium modifications that keep GE/GM constant.
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(GE/GM)free
  Setup A
  '    '     B
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Figure 6: 95%-confidence intervals of the ratio ( GE
GM
)bound/( GE
GM
)free
determined for the present measurements (filled symbols) and those
of Refs. [13, 14] (open symbols). Thick lines denote the limits using
statistical errors only, while the dashed lines include both statistical
and systematic uncertainties. data sets with similar ranges in pmiss
and virtuality are grouped together. Results from combinations of
data sets are shown in black.
5. Universality of the double ratio (Px/Pz)
A
(Px/Pz)
1H
A good agreement between the double ratios (Px/Pz)
A
(Px/Pz)
1H
in the earlier 2H data at pmiss < 0 from Refs. [13, 14] and
those measured for 12C at MAMI in Ref. [15] and for 4He
at JLab [18], was reported in Refs. [13, 15]. To test if the
new 2H data at pmiss > 0 are likewise compatible with sim-
ilar measurements in other nuclei at the same virtuality
range, we also compare the double-ratios for the new 2H
data and to those of the previous measurements on 4He at
JLab5 [18], and s-shell knockout6 on 12C [15] at MAMI. As
shown in Fig. 7, we find that the double ratio in the new 2H
5The double ratios presented in [18] have been adapted to use mov-
ing proton kinematics [27, 28] in their denominator, for a consistent
comparison with the MAMI data. See the supplementary material.
6Polarization transfer in p3/2-shell knockout was also measured in
[15]; however, since Fig. 7 compares the carbon data set with 2H
and 4He, which only contain s-shell protons, only the s-shell knockout
from carbon is shown in the figure.
data agrees very well with the 4He and 12C in the positive
pmiss region, just as it was shown for the earlier 2H data in
Refs. [15, 27] in the negative pmiss region.
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Figure 7: The double-ratios (Px/Pz)
A
(Px/Pz)
1H
measured in this data set
(red and purple filled symbols), compared to the earlier 2H data sets
[13, 14] (green, open symbols), s-shell knockout in 12C data sets [15]
(black filled symbols), and 4He data [18] (yellow filled squares). In
each of these ratios, the denominator is calculated using the “moving-
proton” prescription [27, 28]. The 4He data shown was taken at Q2=
0.8 (GeV/c)2.
The inclusion of setting E in the test of the universal-
ity of the double-ratios (Figure 7) reveals the importance
of accounting for the proton’s initial momentum [27, 28] in
comparing the measured polarization ratio Px/Pz to that
of elastic scattering. The moving-proton prescription, in-
troduced in [27, 28], supersedes the earlier “resting-proton”
prescription, where the bound proton’s Fermi motion was
not taken into account, and the elastic kinematics assumed
the proton to initially be at rest. In [27], we found that the
effect of using the moving instead of the resting prescription
on the double ratio was small for the kinematics available
at the time (∼3% for negative pmiss, and up to ∼10% for
positive pmiss). However, we found that this effect is much
larger for kinematic setting E, causing the double ratio to
increase to 1.5 times larger in the “resting” prescription than
in the moving prescription, as shown in the supplementary
material. Therefore, the use of the moving (rather than the
resting) kinematics is a necessary ingredient in maintaining
the universality of the double ratio (Px/Pz)
A
(Px/Pz)
1H
.
6. Conclusions
We have observed that the differences in the polarization-
transfer components between the deuteron and hydrogen
are small in the measured region of positive pmiss and large
Q2, compared to previous measurements at negative pmiss
and small Q2, as predicted by the calculations. This implies
that the effects of FSI are small in this region, making it a
good region for searching for medium modifications.
6
The measured polarization-components Px and Pz for the
new 2H data, as well as their ratio, Px/Pz, are consistent
with the calculations within the errors. This tests the va-
lidity of the calculations on the positive missing-momentum
region, and shows no evidence of medium modifications on
the FF ratio GE/GM . Further, we have established con-
straints on possible modifications to this ratio on the order
of a few percent.
We also find that, when dividing our measured values by
the polarization-transfer for a free moving proton [27, 28],
the double ratios (Px/Pz)
A
(Px/Pz)
1H
from the 2Hmeasurements in the
new kinematic region are in agreement with measurements
for 4He and 12C, just as they were found to be in agreement
in previous 2H measurements. This supports the universal
behavior of the double ratio.
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